Spiramycin removal from wastewater using four nanofiltration (NF) membranes (NF270, NF90, ESNA1-K1 and ESNA1-LF2-LD) was studied. The effects of operating pressure, feed temperature, feed concentration, cation and anion ions on the permeate flux rate and spiramycin rejection were investigated. The results show that increasing operating pressure resulted in the increase of both permeate flux and spiramycin rejection. The flux rate increased almost linearly with temperature, while the spiramycin rejection decreased. The permeate flux rate declined relatively with increasing feed concentration of spiramycin for NF270 and ESNA1-LF2-LD membranes compared with NF90 and ESNA1-K membranes. The presence of cations reduced spiramycin rejection, with the strength of influence for the NF270 NF membrane following the order Mg 2þ >Ca 2þ >K þ . The presence of anions also resulted in decreased spiramycin rejection, the strength of the effect following the order NO 3 À >Cl À >SO 4 2À for the NF270 membrane.
INTRODUCTION
The ubiquitous presence of pharmaceuticals including antibiotics as a growing contributor of trace contaminants, which have been making significant contributions to the healthcare of human beings over the past number of decades (Homem & Santos ; Sun et al. ; Heo et al. ) , may cause severe long-term problems due their high persistence and biological activity in the environment (Koyuncu et al. ) . With the wide use and abuse of antibiotics, their content in the aquatic environment has risen and consequently increased in wastewater, water reuse applications, tap water and drinking water (Kim et al. ; Kosutic et al. ; Homem & Santos ) . Previous studies proved a link between environmental exposure and deteriorating trends in human health. Both original forms and respective metabolites would result in detrimental ecosystems and significant adverse health effects (Lee et al. ; Chon et al. ) . Before antibiotics release into aquatic environments, the inefficient removal from discharge streams may both contaminate drinking water security and promote the growth of antibioticresistant bacteria with severe ecological issues (Sun et al. ) . These findings clearly demonstrate it is important to develop effective technology to remove pharmaceuticals for human health (Kinney et al. ; Batt et al. ) .
A number of chemical and physical methodologies, such as chemical oxidation, adsorption, liquid extraction and membrane techniques have been employed for pharmaceutical removal. Amongst these, membrane processes have emerged as a promising new route for high quality water purification, with many advantages, including there being no requirement for the addition of chemical substances, ease of scale up, separation in the continuous mode and the possibility to readily combine membrane processes with other unit processes (Paul & Douglas ; Figoli et al. ; Xu et al. ) . Of the available membrane technologies applicable as clean-up methods, nanofiltration (NF) is efficiently able to remove antibiotics from water owing to the small size of the membrane pores. Because of its advantages, such as low operating pressure and high retention of multivalent anions, it has generated worldwide interest, and has been used to remove various pollutants during water treatment (Zhang et Dolar et al. () showed that low concentration of calcium ions (6 mg/L) could not have a major impact on rejection of veterinary pharmaceuticals by NF. Shirra et al. () reported the increase of NaCl concentration in the solution; the rejection of diatrizoate remained practically unchanged, but the rejection of carbamazepine had a slightly lower decrease by NF270. Zazouli et al.  showed that changes of ionic content led to increase for SR3 or decrease for SR2 of cephalexin rejection, depending on the membrane used. These are not consistent with the results of ion effects on pharmaceutical rejection. Furthermore, previous reports of ions on pharmaceutical removal by NF were mainly focused on the effect of one ion on pharmaceutical removal performance. Spiramycin is a medium-spectrum, macrolide antibiotic widely used in the treatment of respiratory infections. Since the drug enters the oral cavity through gingival crevicular fluid and saliva, spiramycin persists for extended periods at potentially therapeutic concentrations (Rams et al. ) . It may be released directly to the environment with waste. In addition, passing through wastewater treatment plants spiramycin may enter aquatic environments and result in detrimental ecosystems and significant adverse health effects. It is of concern in the environment how to remove spiramycin from wastewater. In previous relevant works on pharmaceuticals removal, little research was about spiramycin by the NF membrane. As spiramycin is one of the main antibiotics, studying its separation performance by NF is also necessary. Also it is necessary to investigate the difference of different cation and anion feed streams on spiramycin removal performance. Another, efficient spiramycin removal by NF also depends on many factors, including membrane properties, operating pressure, feed temperature, feed concentration and the presence of co-existing ions (including different cations and anions). Further investigations into these parameters are of interest for the development of spiramycin removal strategies using NF processes.
In the present study, spiramycin was chosen as a pharmaceutical and four different commercial NF membranes (NF270, NF90, ESNA1-K1 and ESNA1-LF2-LD) were chosen to remove spiramycin under a variety of operating conditions. The novel additional data obtained on the removal efficiency and rejection of various membranes is expected to contribute to an improved understanding of spiramycin rejection.
METHODS

Materials
Spiramycin (purchased from Melone Pharmaceutical Co., Ltd, China) and its main chemical properties MW ¼ 843.05, Log K ow is 2.49 ± 0.82 (Sorensen ) . The cations (CaCl 2 , MgCl 2 and KCl) and anions (NaCl, NaNO 3 and Na 2 SO 4 ) ions and other chemicals (purchased from Sinopharm Chemical Reagent Co., Ltd, China) were all of analytical grade. According to the determination of antibiotic production wastewater from a pharmaceutical manufacturing factory in Wuxi of China (Bai ; Bai et al. ), in this manuscript simulated wastewater was used and prepared as follows: different amounts of spiramycin were dissolved in deionized water, then various cations calcium (as CaCl 2 ), magnesium (as MgCl 2 ), potassium (as KCl), anions chloride (as NaCl), nitrate (as NaNO 3 ), sulfuric acid (as Na 2 SO 4 ) at approximately the concentration range from actual wastewater were added into spiramycin solution and mixed to prepare simulated wastewater. These cations and anions were selected because they were detected in actual wastewater. In all the experiments, solution pH was adjusted to pH ¼ 7. Four types of commercial flat NF membranes, NF270, NF90, ESNA1-K1 and ESNA1-LF2-LD, were selected for the NF experiments. Table 1 shows the general characteristics of the four membranes (Yu et al. ). 
Nanofiltration process
A diagram of the NF experimental setup is shown in Figure 1 . The NF membrane module was an annular chamber made of stainless steel, in which a membrane supported by porous sintered steel was mounted. The effective area of the membrane was 27.05 cm 2 . Each new membrane was initially operated for 30 min at 1.0 MPa before commencing the actual separation study. The effect of a range of operating conditions, including operating pressure, temperature, spiramycin feed concentration, and cationic and anionic ions, on spiramycin rejection was investigated in experimental trials, in which one of the variables was varied, whilst the others were kept constant.
Water flux rate was obtained by measuring the volume of permeate that penetrated the unit area membrane per unit time, defined as:
where V is the total volume of pure permeate during the experiment, A represents the membrane area and t denotes the operation time. The rejection R, was determined in each experiment and defined as:
where C p and C f are the permeate and feed concentrations, respectively.
Sample analyses
The spiramycin concentration was measured colorimetrically according to standard methods using UV-Vis spectrophotometry (DR5000, Hach, USA) (China's environmental protection administration ). Each group of experiments was carried out in duplicate to determine reproducibility and mean values considered.
RESULTS AND DISCUSSION
Effect of operating pressure on membrane performance
Because NF is a pressure-driven physical process, operating pressure is an important factor in determining membrane performance. To examine the influence of operating pressure on spiramycin removal, experiments were performed at 0.4, 0.6, 0.8, 1.0 and 1.2 MPa with NF270, NF90, ESNA1-K1 and ESNA1-LF2-LD membranes at a spiramycin feed concentration of 65 mg/L, at 30 W C and 3 L min À1 feed flowrate. Results are shown in Figures 2 and 3 . As shown in Figure 2 , the permeate flux rate increased linearly in proportion to operating pressure, consistent with previous reports (Bhanushali et al. ; Robinson et al. ) . From Figure 3 we can see that spiramycin rejection increased with increasing operating pressure. It can also be seen that spiramycin rejection by the four membranes was higher than 92% over the pressure range investigated.
Effect of feed temperature on membrane performance
To investigate the influence of feed temperature on the removal of spiramycin, experiments were performed over a range of temperatures with the four membranes at a 
By integration of Equation (3) a simple model was provided as follows:
where J is the flux, D the diffusion coefficient, k the mass transfer coefficient, C b the bulk concentration, C m the membrane surface concentration, C p the permeate concentration, respectively. It was well known that the temperature played a very important role in the diffusion process. In general, the temperature dependence of the diffusion coefficient is given by the Arrhenius equation as follows:
where D 0 is the pre-exponential factor of the diffusion process independent from the temperature, ΔE D the activation energy for a diffusing species in a given polymer matrix to escape from its present surroundings and move into an adjacent different surrounding. R is the gas constant, T absolute temperature. As shown in Figure 4 it can be seen that flux increased with temperature, this is consistent with the diffusion coefficient increasing with the increase of feed temperature.
From Figure 5 we can see that the spiramycin rejection by the four membranes decreased with feed temperature increase. The reason may be that the effective pore radius increases when the feed temperature increases, which reduces the effect of the intercept according to the sieving mechanism of NF. Another, higher temperature increases the diffusivity of spiramycin as the solutes. Since transport of solutes through pores is mainly diffusive, the increase in diffusivity of spiramycin results in a decrease in rejection (Sorin et al. ) . 
Effect of feed concentration on membrane performance
There is often a concentration polarization problem in membrane separation processes at high solute concentrations (Bouchoux et al. ) . To determine whether concentration polarization occurred in this process, experiments were performed at a range of feed concentrations. Figures 6 and 7 show the flux rate and rejection of spiramycin as a function of feed concentration for the four membranes at 30 W C, 0.6 MPa and 3 L min À1 flowrate. As shown in Figure 6 , for four membranes, the permeate flux declined a little with increasing feed concentration. The explanation for this trend is that it might be due to the decrease of the effective membrane pore size owing to adsorption or deposition of spiramycin on the membrane surface with the increase of feed concentration. Another reason might be the increase in osmotic pressure owing to the increase of mass transfer resistance (Rashdi et al. ) . From Figure 7 we can see that spiramycin rejection by the four membranes exceeded 92% over the range of feed concentrations investigated. Spiramycin rejection increased with spiramycin feed concentration for the four membranes. The reason for this may be that a higher mass transfer resistance caused a higher feed concentration based on cake resistance model (Listiarini et al. ) , and pore size decreased. Consequently, the sieving effect would increase, which results in rejection increase.
Effect of cations on spiramycin removal
Various inorganic, cationic ions co-exist with antibiotics in wastewater and the presence of these substances can interfere with spiramycin removal. Therefore, it is important to determine the rejection characteristics of cationic species in a mixed salt solution using the NF process. CaCl 2 , MgCl 2 and KCl were selected to assess the effects of cations on spiramycin removal. Experiments were carried out by adding each cation at various concentrations into spiramycin-dosed water with the NF270 membrane at a feed spiramycin concentration of 65 mg L À1 at 0.6 MPa, 30 W C and 3 L min À1 flowrate. Results are shown in Figure 8 .
The experimental results show that the presence of cations caused a decrease in spiramycin rejection, with higher ion concentrations causing a greater decrease in rejection. Two hypotheses can explain this phenomenon. One explanation is a pore swelling. Adding a salt in solution would result in an increase of the membrane charge density, which induces a greater counter-ions concentration in the electrical double-layer at the pore surface. Another, direct interactions between the solutes can be used to describe the decrease of rejection. In a mixed-solute solution of spiramycin and a salt, according to the Hofmeister effect (Kunz et al. ) water will indeed preferentially solvate the salt to the detriment of spiramycin. Therefore spiramycin was less hydrated, and permeated more freely through the membrane with a lower apparent volume than in the absence of a salt. This 'salting-out' effect is related to the salt concentration and becomes stronger with the concentration increase (Bouchoux et al. ; Geens et al. ) . In addition, high concentration of ion can reduce the flux due to higher osmotic pressure and it can reduce removal efficiency. As shown in Figure 8 , the influence of the cations on spiramycin rejection for the NF270 NF membrane followed the sequence Mg 2þ >Ca 2þ >K þ . A higher viscosity coefficient for the ion caused a stronger hydration effect, which more easily dehydrated the spiramycin molecule, reducing the rejection of spiramycin. From Table 2 we can see that the order of the cation size effect was Mg 2þ >Ca 2þ >K þ and the radius size order is r s (Mg 2Àþ )>r s (Ca 2þ )>r s (K þ ). Thus, it seems that both the Hofmeister series and the streaming effect of the ions was consistent with the order of the influence on rejection.
Effect of anions on spiramycin removal
Similarly, various anionic species exist in antibiotic wastewater and their presence can interfere with spiramycin removal. Therefore, it is important to identify the rejection characteristics of anions in a mixed salt solution using the NF process. NaCl, NaNO 3 and Na 2 SO 4 were selected to assess the effects of anions on spiramycin removal. Experiments were carried out by adding each anionic ion at a range of concentrations into spiramycin water with the NF270 membrane at a feed spiramycin concentration of 65 mg L À1 , at 0.6 MPa pressure, 30 W C and 3 L min À1 flowrate. Figure 9 shows that the order of the anion effect on spiramycin rejection was NO 3 À >Cl À >SO 4 2À for the NF270 membrane. According to the Hofmeister series (Yang ), the anionic hydration size order is SO 4 2À >Cl À >NO 3 À , the Stokes radius of the ions follows the order r s (SO 4 2À )> r s (NO 3 À ) ≈ Cl À . The surface charge density is lower at greater ionic radius, reducing the membrane surface charge effect and abating the streaming effect. Thus, spiramycin rejection was reduced considering the effect of water in the lower spiramycin interception rate and film hole increases in the interception rate role. Therefore, the strength of influence on rejection followed the order NO 3 À >Cl À >SO 4 2À .
CONCLUSIONS
In this study, spiramycin removal was investigated using four commercial NF membranes (NF270, NF90, ESNA1-K1 and ESNA1-LF2-LD). The removal efficiency for spiramycin was influenced by operating pressure, feed temperature, feed concentration, and the presence of cationic and anionic species. The results show that an increase in operating pressure increased the permeate flux and spiramycin rejection. The flux increases almost linearly with increasing temperature, which is consistent with the solution-diffusion model, while the spiramycin rejection decreased with increasing feed temperature. The permeate flux rate declined relatively with increased feed concentration for NF270 and ESNA1-LF2-LD membranes compared with NF90 and ESNA1-K membranes. The presence of cations reduced spiramycin rejection, the greater ionic concentrations causing a larger decrease in rejection. The influence of cations on spiramycin rejection for the NF270 NF membrane followed the sequence Mg 2þ >Ca 2þ >K þ . The presence of anions also resulted in a decrease in spiramycin rejection, with the order being NO 3 À >Cl À >SO 4 2À for the NF270 membrane. This study illustrates that NF is a promising technique for the removal of spiramycin from wastewater.
